The Set3 histone deacetylase complex (Set3C) binds histone H3 dimethylated at lysine 4 (H3K4me2) to mediate deacetylation of histones in 5 0 -transcribed regions. To discern how Set3C affects gene expression, genome-wide transcription was analyzed in yeast undergoing a series of carbon source shifts. Deleting SET3 primarily caused changes during transition periods, as genes were induced or repressed. Surprisingly, a majority of Set3-affected genes are overlapped by noncoding RNA (ncRNA) transcription. Many Set3-repressed genes have H3K4me2 instead of me3 over promoter regions, due to either reduced H3K4me3 or ncRNA transcription from distal or antisense promoters. Set3C also represses internal cryptic promoters, but in different regions of genes than the Set2/Rpd3S pathway. Finally, Set3C stimulates some genes by repressing an overlapping antagonistic antisense transcript. These results show that overlapping noncoding transcription can fine-tune gene expression, not via the ncRNA but by depositing H3K4me2 to recruit the Set3C deacetylase.
INTRODUCTION
Posttranslational modifications of histones play important roles in eukaryotic gene regulation (Kouzarides, 2007; Li et al., 2007a) . Acetylation promotes efficient transcription by affecting the interaction between DNA and histones as well as recruiting downstream regulators of chromatin structure and transcription. Histone acetylation levels are controlled by the antagonistic functions of histone acetyltransferases (HATs) and histone deacetylases (HDACs). Interestingly, several of these enzymes are recruited by specific histone methylations that are linked to RNA polymerase II (RNApII) transcription (Buratowski and Kim, 2011) .
In budding yeast, Set1 and Set2 methylate H3K4 and H3K36, respectively (Krogan et al., 2003; Ng et al., 2003; Strahl et al., 2002) . These methyltransferases bind specific phosphorylated forms of the RNApII subunit Rpb1 C-terminal domain (CTD), resulting in cotranscriptional methylation (Krogan et al., 2003; Ng et al., 2003) . Near 5 0 ends of active genes, the serine 5 phosphorylated CTD helps recruit the Set1 complex (known as Set1C or COMPASS) to methylate H3K4 (Ng et al., 2003) . Although Set1 is the only H3K4 methyltransferase in budding yeast, it produces different methylation states at different positions along genes. H3K4me3 is strongest near transcription start sites, whereas H3K4me2 is enriched in 5 0 -transcribed regions (Kirmizis et al., 2007; Liu et al., 2005; Pokholok et al., 2005) . Complementary to Set1, Set2 methyltransferase binds the CTD phosphorylated at both serines 2 and 5 to target H3K36me2 and me3 throughout transcribed regions but biased toward 3 0 ends (Kizer et al., 2005; Krogan et al., 2003; Li et al., 2002) . These methylation patterns are well conserved in all eukaryotes.
Both H3K4 and K36 methylation appear to function primarily by modulating histone acetylation (Buratowski and Kim, 2011) . In 3 0 -transcribed regions, H3K36me by Set2 targets histone deacetylation by the Rpd3 small complex, Rpd3S (Carrozza et al., 2005; Keogh et al., 2005; Li et al., 2007b) . The Set2-Rpd3S pathway negatively affects transcription elongation and represses cryptic promoters within coding regions (Carrozza et al., 2005; Keogh et al., 2005; Li et al., 2007c) . H3K4me3 is highly correlated with histone acetylation at promoter-proximal regions, in part due to its ability to interact with PHD finger subunits of HATs and HDACs (Hung et al., 2009; Shi et al., 2006 Shi et al., , 2007 Taverna et al., 2006) . In higher eukaryotes, the TFIID subunit TAF3 and the chromatin remodeler Chd1 also interact with H3K4me3 (Sims et al., 2005; Vermeulen et al., 2007) . The function of H3K4me1 remains unclear.
In between the peaks of H3K4me3 and H3K36me3, H3K4me2 provides a binding site for the Set3 PHD finger protein (Kim and Buratowski, 2009) . The Set3 histone deacetylase complex (Set3C) contains two HDAC subunits, Hos2 and Hst1 (Pijnappel et al., 2001) , and deacetylates histones in 5 0 -transcribed regions (Kim and Buratowski, 2009) . It has been proposed that Set3C is also recruited to transcribed regions through interaction with the phosphorylated CTD of RNApII but nonetheless requires H3K4me2 to deacetylate histones (Govind et al., 2010) . The function of the Set3 SET domain is still unclear, and no methyltransferase activity has yet been reported. SET3 deletion genetically interacts with many chromatin factors, including Set2, the SWR/Htz1 complex, SAGA, and the Rpd3 large complex (Rpd3L), that are involved in transcription regulation; these interactions implicate Set3C in transcription regulation (Collins et al., 2007; Krogan et al., 2003) . The biological function of Set3C has been unclear. Set3 has the strongest sequence similarity to mammalian MLL5, and other subunits of Set3C most closely resemble the metazoan NCoR/SMRT corepressor complexes (Pijnappel et al., 2001) . Although histone deacetylation typically represses transcription, Set3C has been reported to be both repressive and activating. Set3C negatively regulates meiotic genes (Pijnappel et al., 2001) yet is also required for maximal induction of the GAL1 and INO1 genes (Hang and Smith, 2011; Kim and Buratowski, 2009; Wang et al., 2002) . Surprisingly, overall genome-wide transcription patterns of cells grown in synthetic complete media with glucose are largely unaffected by Set3C deletion mutants (Lenstra et al., 2011) . One interesting observation is that the previously reported effects of Set3C mutations were discovered in cells undergoing metabolic changes: when media (B) SET3 and set3D strains were grown in SC media containing raffinose and then sequentially shifted to SC media containing the indicated carbon sources for the times specified in the figure. + and À indicate SET3 and set3D, respectively. mRNA levels were determined by RT-PCR with two independent RNA samples. (C) Quantitation from (B). mRNA levels of SET3 cells in SC-raffinose media were set to 1.0. See also Figure S1 .
conditions were changed or upon triggering sporulation (Hang and Smith, 2011; Kim and Buratowski, 2009; Pijnappel et al., 2001; Wang et al., 2002 ).
Here we show that Set3C is important for modulating the kinetics of many transcriptional responses during carbon source changes. Interestingly, the majority of Set3 target genes have overlapping ncRNA transcription: either cryptic unstable transcripts (CUTs), stable uncharacterized transcripts (SUTs), Xrn1-sensitive unstable transcripts (XUTs) (Lenstra et al., 2011; van Dijk et al., 2011; Xu et al., 2009 ), or internal cryptic initiation sites. We propose that overlapping noncoding transcription contributes to Set3C-mediated effects by altering histone methylation and acetylation patterns. Unlike activators or repressors that act as an on/off switch of transcription, Set3C instead plays an important role in the timing of transcription response during gene activation or repression.
RESULTS

Set3C Affects Gene Induction Kinetics
To explore the roles of Set3C, gene expression was analyzed in SET3 and set3D cells as they cycled through various carbon sources ( Figure 1A ). Cells were initially grown in synthetic complete medium with raffinose (SC-raffinose, 0 time point) and subsequently shifted to SC-galactose media. Samples were taken at 15, 30, 60, and 120 min for RNA analysis. Cells were then shifted to SC-glucose media for a similar 120 min time course. Finally, cells were transferred back to SC-galactose for 15 and 30 min. Under these conditions, deletion of SET3 did not affect growth rates.
To verify that the cells were responding as expected, levels of genes known to be regulated by carbon source were analyzed by RT-PCR. GAL genes were strongly induced in galactose media and repressed in glucose media ( Figure 1B) . GAL1, GAL7, and GAL10 messenger RNAs (mRNAs) were still detected up to 60 min after transfer to glucose media. High-level expression of SUC2 was observed in raffinose and galactose media, but this transcript was rapidly decreased in glucose media. The level of ACT1 mRNA changed very little during carbon source shifts and serves as an important normalization control ( Figures 1B and 1C) . As previously reported (Hang and Smith, 2011; Kim and Buratowski, 2009; Wang et al., 2002) , set3D resulted in delayed induction of GAL1, GAL7, and GAL10 in galactose media, although levels equalized by 120 min ( Figures  1B and 1C) . INO1 level was strongly reduced by set3D ( Figures  1B and 1C) , consistent with its inositol auxotrophy (InoÀ) phenotype (Villa-García et al., 2011) .
Set3C mutants have increased acetylation in 5 0 -transcribed regions of PYK1, PMA1, and YEF3, but transcription levels of these genes were unchanged under steady-state growth conditions (Kim and Buratowski, 2009 ). To test whether set3D changes the rate of activation or repression of these genes, transcript levels were monitored during carbon source shifts. In SET3 cells, these genes were downregulated in galactose media and rapidly induced in glucose media (Figures 1B and 1C) . Whereas YEF3 mRNA levels were not strongly affected by loss of Set3, PYK1 and PMA1 transcripts were higher in set3D during glucose induction until they equalized at 120 min ( Figures  1B and 1C) . Therefore, as seen for GAL gene activation, the negative effect of Set3 on PYK1 and PMA1 appears transient.
To further study how the transcriptional changes upon carbon source shifts are affected by Set3C, total RNA was analyzed with high-resolution, strand-specific tiled microarrays (David et al., 2006) . In wild-type cells, approximately 800 genes showed significant changes relative to levels in raffinose media: 197 transcripts were increased specifically in galactose media and 94 in glucose media (Figures S1A and S1B available online). Five hundred and nine transcripts were repressed in galactose relative to raffinose or glucose media ( Figure S1C ). In general, galactose-induced transcripts increased over the full 2 hr incubation, more slowly than glucose-induced genes, which were typically fully induced after 15 min ( Figure S1 ). In all conditions, transcript levels of genes encoding transcription regulators such as GAL4, GAL3, GAL80, MIG1, and TUP1 were not affected by deletion of SET3 ( Figure S2A ).
Set3-regulated genes were identified as those exhibiting at least 1.7-fold change in expression levels at one or more time points and were further verified by visual inspection. From this analysis, 119 genes repressed by Set3C were identified. Six genes of this group were increased in glucose media (Figure 2A) , and 113 genes were induced by galactose ( Figure 2B ). Although some genes showed differences at most or all time points, for most affected genes the greatest differences between SET3 and set3D occurred during the transition periods. This effect is clearly seen by calculating an averaged response pattern for the galactose-induced genes ( Figure 2C ).
The histone deacetylation activities of Set3C are important for its effects because Set3-repressed genes tested were also upregulated by hos2D or hst1D ( Figure S2B ). Interestingly, some genes respond more strongly to one or the other HDAC subunit, whereas others are sensitive to both. These gene-specific results likely reflect the different histone targets of the two HDACs (Kim and Buratowski, 2009 ) and show that they are nonredundant. Interaction between the Set3 PHD finger and H3K4me2 is important in Set3C function, and a PHD finger mutant (W140A) that no longer binds H3K4me2 behaves similarly to set3D ( Figure S2C ). These results indicate that histone deacetylation mediates the effects of Set3C on the kinetics of transcription induction.
Remarkably, visual inspection of the array data showed that at least 61% of genes repressed by Set3 have an overlapping ncRNA (from the previously annotated CUT, SUT, or XUT classes, as well as several that are unannotated). This percentage increases to 74% for genes that are repressed 2-fold or more by Set3C. This is a minimal estimate, as there may be additional ncRNAs induced during the time course that were missed due to rapid degradation by exosome or other RNA degradation pathways. The fraction of ncRNAs seen at Gal(min) Set3-affected genes is much higher than in the overall genome (estimated to be about 12% by Xu et al., 2011) , suggesting that overlapping transcription may contribute to regulation by Set3C.
SET3 set3Δ
Upstream Transcription Can Target Set3C to Suppress Gene Induction DCI1, FUN19, and ATH1 were induced in galactose media, and DUR3 was transiently expressed in glucose media. These four Set3-repressed genes are annotated as having transcription start sites (TSSs) unusually far upstream (about 600 bp) of the open reading frame (ORF) initiation codon (Xu et al., 2009) . However, visual inspection of the array data showed that these genes have at least one additional TSS closer to the ORF ( Figures 3A and S3A ). The distal promoters are constitutively active, whereas the promoters just upstream of the ORFs are activated in specific media conditions. Interestingly, deletion of SET3 increased transcription from the proximal but not distal promoters ( Figures Figure 1A is arrayed from bottom to top for each strain as designated. Only the top strand signal is shown here. Histone methylation maps of DCI1 and DUR1 from cells grown in YPD are from Kirmizis et al. (2007) and generated by the associated website (http://www.gurdon.cam.ac. uk/$kouzarideslab/H3R2methylation.html). Each K4 methylation state is shown as a separate line of boxes representing individual probes. The intensity of color shows ChIP signal strength. The distal promoter has high levels of H3K4me3, whereas H3K4me2 is enriched over the proximal promoter.
(B) Set3 deacetylates histones in the core promoter of DCI1. Crosslinked chromatin from SET3 or set3D strains grown in YPD was precipitated with anti-H3 or anti-acetyl H4 as indicated. PCR analysis of the precipitated DNA was carried out on the DCI1 gene (numbered primer locations shown schematically at the top, PCR products below). TEL is from a nontranscribed region near the telomere of chromosome VI. The signals for acetyl H4 were quantitated and normalized to the total H3 signal, and the ratios were graphed (x axis shows primer number, and y axis shows ratio). Error bars show the standard deviation (SD). (C) Northern blot analysis of DCI1 transcripts with a 3 0 strand-specific DNA probe. Cells were grown in SC-raffinose media and shifted to SC-galactose media for 60 min. Bottom panel shows two transcripts of DCI1 detected by northern blot analysis, which are schematicized at top. (D) Total proteins were extracted from cells grown in the indicated carbon sources, either for an extended time or after a 60 min shift as indicated. Dci1-TAP protein was analyzed by immunoblot analysis. Membrane was stained with Ponceau S for loading control (bottom). (E) Strains with or without the CYC1 terminator inserted between the DCI1 promoters (left panel) were grown in SC-raffinose media and shifted to SC-galactose media for 60 min. Right panel shows DCI1 northern blot analysis, with transcripts schematicized in left panel. STE11 is used for a loading control (bottom). See also Figure S3 . that H3K4me3 is enriched at the upstream promoter, whereas a peak of H3K4me2 overlaps the downstream promoter ( Figures 3A and S3A ).
To test whether the effect of Set3C is mediated by deacetylation of the downstream promoter, histone acetylation at DCI1 was analyzed by chromatin immunoprecipitation (ChIP) with an antibody that recognizes tetra-acetyl H4 (H4ac). Levels of acetylation were normalized to total histone content as measured by H3. Relative to SET3 cells, a set3D strain had increased acetylation at the downstream promoter but not the 3 0 end of DCI1 ( Figure 3B ). This result is consistent with a model by which H3K4me2 directed by the upstream transcription unit targets Set3C deacetylation for repression of the downstream promoter.
Interestingly, although the distal promoters of these four genes produce transcripts in rich media, a genome-wide GFP-fusion analysis failed to detect any protein products in these growth conditions (Ghaemmaghami et al., 2003; Xu et al., 2009 ). Therefore, the upstream transcripts appear to be long ncRNAs (lncRNAs). Northern blot analysis confirmed that the distal promoter of DCI1 produces a stable transcript. At 60 min of growth in galactose, a 3 0 end DNA probe detected two transcripts. The long transcript level was unchanged, but the shorter DCI1 transcript was significantly increased in set3D ( Figure 3C ). A similar increase was seen in set1D but not set2D cells, suggesting that H3K4 methylation but not H3K36 methylation is involved in this repression. At this gene, hst1D strongly increased the downstream DCI1 transcript, but a weaker effect was seen in hos2D ( Figure S3B ).
Immunoblot analysis with a DCI1-TAP-tagged strain showed that Dci1 protein is undetectable in glucose and seen at low levels in galactose or raffinose media ( Figure 3D ). However, it was strongly induced when cells were shifted from raffinose to galactose for 60 min, indicating that Dci1 protein is transiently expressed in galactose media, tracking levels of the short transcript. Also matching downstream transcript levels, Dci1 protein was increased in set3D ( Figure 3D ).
These results suggest that ncRNA transcription from an upstream distal promoter can place H3K4me2 over a downstream core promoter and that the resulting deacetylation by Set3C can inhibit or delay the expression of the downstream coding mRNA. To directly test this model, the CYC1 terminator was inserted between the two DCI1 promoters. This insertion abolished the long transcript and resulted in derepression of the shorter DCI1 transcript ( Figure 3E ). Also consistent with this model, H3K4me2 decreased and histone acetylation at the downstream promoter increased when upstream ncRNA transcription was blocked ( Figure S3C and data not shown). These results indicate that ncRNA transcription from the DCI1 upstream promoter and Set3C cooperate to deacetylate chromatin at the downstream promoter to modulate gene induction.
Set3C Represses Cryptic Promoters in 5
0 -Transcribed Regions Passage of RNApII through a gene disrupts nucleosomes, which can cause cryptic transcription initiation within coding regions unless the chromatin is reassembled by elongation factors that include Spt6 and Spt16 (Cheung et al., 2008; Kaplan et al., 2003) . Deacetylation of histones in 3 0 -transcribed regions by the Set2-Rpd3S pathway also contributes to repression of cryptic internal promoters at some genes (Carrozza et al., 2005; Li et al., 2007c) . Because loss of Set3C increases acetylation in 5 0 -transcribed regions (Kim and Buratowski, 2009) , it was pertinent to ask whether this pathway might also suppress cryptic promoters.
A small number of Set3-repressed genes exhibited increased sense-strand signals beginning within the ORF through the 3 0 end, suggesting internal initiation ( Figures 4A, 4D, and S4A ). For example, transcript hybridization intensities in 5 0 regions of PAH1 and DNL4 were not strongly changed during the time course in either SET3 or set3D cells. However, during galactose incubation, the signal in downstream regions increased but even more strongly in cells lacking Set3C ( Figures 4A and 4D ). Northern blot analysis with strand-specific probes revealed several shorter transcripts that accumulated in galactose media, and these were markedly increased in set3D cells ( Figures 4B,  4C , and 4E). Probing with 5 0 -or 3 0 -specific probes confirmed that the shorter transcripts arise from internal initiation within the coding regions ( Figure S4C ). As predicted, histone acetylation increased at the internal PAH1 promoter in set3D or hos2D cells ( Figure S4B ). Cells lacking Hos2 ( Figure S4C ) or carrying a Set3 PHD finger mutant (W140A, Figure S4D ) also showed increased internal initiation within PAH1, indicating that recognition of H3K4me2 mediates repression of internal promoters. The PAH internal promoters were not derepressed by set2D (data not shown), proving that Set3 repression does not require H3K36 methylation.
Internal promoters can also be in the antisense direction relative to the mRNA. For example, the antisense transcript SUT103 overlaps the EPL1 promoter region ( Figure 4F) , and YIL055C has a previously uncharacterized 5 0 -overlapping antisense transcript that is expressed in galactose media (Figure 4G) . The EPL1 and YIL055C transcripts were slightly increased, and the galactose-induced antisense transcripts were significantly higher in set3D cells (Figures 4F and 4G) . Therefore, Set3C contributes to repression of cryptic promoters in 5 0 -transcribed regions that produce both sense and antisense transcripts.
Set3C-Mediated Repression Is Targeted by High H3K4me2 Levels
To further understand the connection between set3D effects and H3K4 methylation, the relative levels of H3K4me2 and me3 at 5 0 ends of genes were analyzed (Kirmizis et al., 2007; Pokholok et al., 2005) . Based on ChIP-chip data from Pokholok et al. (2005) for cells grown on glucose, the ratio of H3K4me2 to H3K4me3 signal at promoter regions is low at most genes, consistent with H3K4me3 enrichment at promoters. About 19% of total yeast genes show relatively higher ratios of H3K4me2 to H3K4me3. Importantly, for Set3-repressed promoters, this percentage increases to 53%. Furthermore, minimally 66% of Set3-repressed promoters with overlapping ncRNA have an elevated ratio of H3K4me2 to H3K4me3. Therefore, higher H3K4me2 and ncRNA transcription correlate strongly with Set3C-mediated repression ( Figure 5A ).
Looking at some specific examples, the antisense transcripts SUT326 and CUT839 overlap YNL195C and GLO4 promoter regions, respectively ( Figure 5B ). Both mRNAs are repressed in glucose or raffinose but are strongly induced in galactose, with even higher levels in set3D cells ( Figure 5C ). Published methylation data for cells grown in glucose reveal that the H3K4me3 and me2 peaks correspond to the overlapping ncRNA transcription (Kirmizis et al., 2007; Pokholok et al., 2005) , resulting in H3K4me2 over the mRNA promoters ( Figure 5B ). This H3K4me2 will recruit Set3C deacetylase, explaining why induction of these two genes is stronger in set3D cells.
Another group of Set3C-repressed genes with high H3K4me2/ me3 ratios over the promoter (Kirmizis et al., 2007; Pokholok et al., 2005) have no obvious overlapping transcripts. For example, YML131W and AGP2 had levels of H3K4me2 similar to other genes with comparable expression levels but shifted upstream over the promoter. In contrast, H3K4me3 was significantly reduced or below the level of detection ( Figure 5D ). Both genes showed higher expression levels in set3D cells during galactose induction ( Figure 5E ). We hypothesized that H3K4me2 might be generated by targeted demethylation of H3K4me3. Deleting the gene for the H3K4 tridemethylase Jhd2 (Liang et al., 2007) led to dramatically higher H3K4me3 at the Set3-repressed genes YML131W and AGP2 but not the GAL10 antisense transcript SUT013 ( Figures  S5A-S5C ). However, H3K4me2 levels were equally high at these genes in JHD2 and jhd2D cells, and both still responded to Set3 ( Figure S5 and data not shown). Therefore, how H3K4me2 is targeted to these Set3 target promoters remains unclear. There may be overlapping transcription of ncRNAs that was unstable and therefore not detected, or there may be some other mechanism yet to be discovered.
Set3C Positively Affects Some Genes with Antisense Transcription
Although Set3C represses most of its target genes, it has a positive transcription effect on INO1 and several GAL genes (Figure 1B) (Pijnappel et al., 2001; Wang et al., 2002) . Our microarray analysis identified 23 transcripts that require Set3 for maximal levels ( Figure 6A ). Whereas the GAL genes, HXT1, and TIR3 showed delayed induction kinetics in set3D, most Set3-activated genes had significantly reduced transcript levels throughout the time course. In log phase cells grown in minimal media with glucose, Set3-activated genes also required the other Set3C subunits for maximal transcription (Lenstra et al., 2011) . At least 74% of Set3-activated genes had an overlapping antisense noncoding transcript. These differed from the antisense pairs described above in that the ncRNA typically initiated near the 3 0 end of the sense transcript, with the two promoters being outside each other's zone of H3K4me2. These pairs were generally anticorrelated in their response to Set3. For example, sense transcript levels for ADH6, THI71, HOR2, and YKL187c were lower in set3D, whereas the overlapping antisense transcripts of these genes were increased in this mutant ( Figures 6B, 6C, and S6B) . Similarly, GDH3 is a Set3-repressed gene, but its overlapping transcript SUT434 was decreased in set3D ( Figure S6A ).
Given the fact that Set3C is an HDAC, upregulation of genes by Set3 could be an indirect effect of Set3-mediated repression of an antagonistic antisense transcript. There are several examples of overlapping antisense transcription units that repress each other's expression through the Set2/Rpd3S pathway (Hongay et al., 2006; Houseley et al., 2008; Pinskaya et al., 2009) . If one of the promoters within such a pair was overlapped by a nearby third transcription unit, Set3 repression of that promoter would cause an apparent upregulation of the antisense transcript by Set3. Consistent with this model, we find that for many Set3-activated genes, the promoter of the overlapping antisense transcript is in turn overlapped by another transcript or has high H3K4me2 levels ( Figures 6B and S6 ). In this model ( Figure 7D ), there is no need to invoke a separate activating function for Set3C.
DISCUSSION
In their natural environments, cells can experience rapidly changing conditions and must correspondingly change their gene expression patterns to adapt. For yeast cells, survival is dependent upon the ability to respond to different temperatures, environmental conditions, and available nutrients. Much of this gene regulation is carried out at the transcriptional level. We tend to think of gene-specific activators or repressors as on/off switches, so most gene expression analyses compare cells grown with different conditions for extended periods. However, it is also important to consider how the kinetics of transcriptional responses can affect fitness. Although the immediate induction of some genes will be advantageous, for others it could be beneficial to delay expression until the inducing signal has persisted for some time. A delay mechanism can allow two genes to respond to the same activator but with sequential expression. Here we show that the Set3C HDAC can combine with ncRNA transcription to delay or attenuate gene induction. In this model, overlapping transcription places H3K4me2 over the affected promoter, leading to deacetylation by Set3C and antagonism of gene activation (Figure 7) . Set3C does not strongly affect global transcription in steadystate growth conditions (Lenstra et al., 2011) , but our analysis of carbon source shifts shows that Set3C can affect the rate and magnitude of transcription transitions. Interestingly, the majority of genes affected by Set3 have an overlapping noncoding transcript. Although the configuration varies, a common theme is that a zone of H3K4me2 created by the overlapping transcription unit encompasses the Set3-repressed promoter.
At least four Set3-repressed genes have a lncRNA produced from an upstream promoter, resulting in H3K4me2 over the downstream coding transcript promoter (Figures 3 and 7A ). Other Set3-sensitive genes have internal promoters within the H3K4me2 zone (Figures 4 and 7B) . Deacetylation of these promoters by Set3C inhibits their activation. In this respect, the Set1-H3K4me2-Set3C pathway bears some resemblance to the Set2-H3K36me-Rpd3S pathway (Carrozza et al., 2005; Cheung et al., 2008; Kaplan et al., 2003; Li et al., 2007c) . Importantly, deletion of SET2 had no strong effect on cryptic initiation within Set3 target PAH1, and deletion of SET3 did not activate the cryptic promoters of STE11 or FLO8, targets of Set2-Rpd3S repression (Kim and Buratowski, 2009) . Comparison of these and other affected genes suggests that Set3C and Rpd3S repress distinct sets of cryptic promoters, consistent with the fact that these HDACs act at different regions of genes. One interesting difference we note is that Set3-repressed internal promoters are generally active to some extent in wildtype cells, whereas the Set2-Rpd3S pathway appears to mediate more complete repression.
Although the transcripts produced from internal initiation sites are referred to as ''cryptic,'' the fact that they have persisted during evolution suggests that they could have some function. In wild-type yeast, a subset of shorter transcripts is transiently induced following nutritional changes, and some of these internally initiated transcripts may produce N-terminally truncated proteins, functionally distinct from their full-length counterparts (Cheung et al., 2008; Nishizawa et al., 2008) . We did not observe any truncated protein products for PAH1, but the Set3-repressed gene KCS1 has an internally initiated sense transcript that produces a short protein in low-phosphate conditions (Nishizawa et al., 2008) . Internal promoters can also create protein diversity in higher eukaryotes (Gó -mez-del Arco et al., 2010; Kowalczyk et al., 2012) . Shorter sense-strand cryptic transcripts can also be noncoding but instead function as ''decoys'' to relieve microRNA (miRNA)-dependent gene silencing of the longer mRNA (Leung and Sharp, 2010) .
In many cases, the internal promoters of Set3-repressed genes are oriented antisense to the mRNA (Figures 5 and 7C) . Deletion of Set3 causes these genes to be induced faster and to a greater extent than normal. Transcription from the internal promoter will generate a characteristic H3K4me3/me2 gradient in the opposite orientation to that created by sense transcription. Therefore, the overall methylation status reflects the relative strengths of the sense and antisense promoters, which are within each other's zones of H3K4 dimethylation. This Set3C-mediated repression could occur at the level of promoter accessibility to initiation factors but may also reflect inhibitory effects of deacetylation on early elongation as suggested recently (Weinberger et al., 2012) .
Although Set3 functions primarily as a repressor, a few genes show decreased expression in set3D cells (Figures 1 and 6A) . Most of these genes have an overlapping transcript that arises from the 3 0 end and that is repressed by Set3C. Genes that respond to environmental changes or stresses often have overlapping antisense transcription anticorrelated with sense transcription (Xu et al., 2011) . If the promoters for the sense and antisense transcription units fall within each other's zone of high H3K36 methylation, strong transcription in one The ratio of H3K4me2 to H3K4me3 signal for all coding gene promoters (gray squares), Set3-repressed genes (119 genes, blue triangles), and Set3-repressed genes with ncRNA (73 genes, red diamonds) was plotted using a data set from Pokholok et al. (2005) . The percentages in parentheses indicate genes that have higher H3K4me2 relative to H3K4me3. (B) Expression profiles for YNL195C and GLO4 loci. Red and blue arrows indicate putative transcript start sites of antisense transcripts and sense transcripts, respectively. Histone methylation maps of these genes from cells grown in YPD were generated from the ChIP experiments of Kirmizis et al. (2007) as in Figure 3A direction can lead to deacetylation of the promoter driving transcription in the opposite direction. For example, under repressing conditions, antisense transcription from the 3 0 end of GAL10 results in Rpd3S-dependent repression of the GAL10-GAL1 promoter (Houseley et al., 2008; Pinskaya et al., 2009) . We suggest that Set3C indirectly promotes sense transcription at some genes by directly repressing the overlapping antisense transcription ( Figure 7D ). In many cases, a third transcription unit overlapping the Set3-repressed promoter could mediate this effect using the mechanisms described above.
Control of gene expression dynamics is very important. Responses to stimuli generally consist of ''early'' and ''late'' responding genes, often with the same transcription factor involved. ''Fine-tuning'' of gene induction can prevent premature responses if a signal appears only briefly or can provide a mechanism by which genes can respond differentially to There has been a great deal of recent attention to noncoding transcription. In many cases, the ncRNAs themselves modulate gene expression by acting as targeting or scaffolding subunits for proteins (Wang and Chang, 2011) . However, we suggest that in some cases, the effects are mediated not by the ncRNA but by the cotranscriptional histone modifications that result from its expression. Bumgarner et al. (2009 Bumgarner et al. ( , 2012 recently described a set of overlapping transcripts that cause variegated expression of a yeast cellsurface protein. This heterogeneous response requires the Rpd3L complex, and although it is not clear how this HDAC is targeted, this mechanism functions in cis. Similarly, the yeast SER3 gene is repressed in cis by noncoding transcription from an upstream promoter (Martens et al., 2004 ). Here we show that the majority of Set3C-responsive genes have overlapping noncoding transcription that places H3K4me2 over the affected promoter region. The resulting deacetylation attenuates the rate and magnitude of responses. An accompanying paper (van Werven et al., 2012 [this issue of Cell] ) shows that Set3C and Set2 together mediate the repressive effects of lncRNA transcription on the IME1 gene to regulate yeast sporulation. Given the conservation of chromatin-modifying complexes over evolution, these types of gene circuits may help explain the prevalence of overlapping and antisense noncoding transcripts seen in all eukaryotes.
EXPERIMENTAL PROCEDURES Yeast Strains and Plasmids
Yeast strains and plasmids used in this study are listed in Table S1 . For time course experiments, matched SET3 and set3D strains were grown in 600 ml of synthetic complete media with raffinose (SC-raffinose) to an optical density at 600 nm of 0.5. For carbon source shifts, cells were collected by centrifugation at 4 C, quickly resuspended in a small volume of SC media lacking any carbon source, and then directly transferred to SC-media containing the indicated carbon source. Fifty milliliters of cells were harvested by centrifugation at 15, 30, 60, and 120 min for RNA analysis.
To generate a strain that carries the CYC1 terminator between the two DCI1 promoters, the delitto perfetto strategy was used (Storici et al., 2001) . Briefly, the kanMX4 and KlURA3 CORE cassette was integrated 430 bp upstream from the DCI1 ATG, and the resulting strain was transformed with the 270 bp CYC1 terminator to replace the CORE cassette with the CYC1 terminator.
RT-PCR
RNA was extracted from cells with hot phenol. First-strand cDNA was prepared with 1 mg total RNA, Superscript II reverse transcriptase (Invitrogen), and gene-specific primers. One-fiftieth of the cDNA and 0.6 mCi [a-32P] dATP were used for PCR amplification, which consisted of 60 s at 94 C, followed by 23-26 cycles (determined to be in the linear range of amplification for each primer pair) of 30 s at 94 C, 30 s at 55 C, and 45 s at 72 C, followed by 2 min at 72 C. PCR signals were quantitated by phosphoimager. The sequences of oligonucleotides used in this study are listed in Table S2 .
Northern Blot Analysis
Total RNA was isolated from cells with hot phenol, and 20 mg of total RNA were used per lane. Northern blotting was done as previously described (Marquardt et al., 2011) with oligonucleotides listed in Table S2 . Strandspecific probes were generated by PCR in the presence of a-32 P-dATP with only one primer. Hybridization was done in a buffer containing 1% BSA, 7% SDS, 1 mM EDTA (pH 8.0), and 300 mM sodium phosphate buffer (pH 7.2).
ChIPs
ChIPs were done as previously described (Kim and Buratowski, 2009 ) with oligonucleotides as listed in Table S2 . The following histone antibodies were used: anti-acetyl H4 (Upstate 06-598), anti-H3 K4me3 (Upstate 07-473), and anti-H3 (Abcam 1791). Anti-Rpb3 was from Neoclone.
High-Resolution Tiling Array
Total RNA was treated with RNase-free DNaseI using Turbo DNA-free kit (Ambion). For first-strand cDNA synthesis, 20 mg of total RNA was mixed with 1.72 mg of random hexamers and 0.034 mg of oligo(dT) primer and incubated at 70 C for 10 min followed by 10 min at 25 C, then transferred on ice.
The synthesis included 2,000 units of SuperScript II Reverse Transcriptase, 50 mM TrisHCl, 75 mM KCl, 3 mM MgCl 2 , 0.01 M DTT, dNTP + dUTP mix (0.5 mM for dCTP, dATP, and dGTP; 0.4 mM for dTTP; and 0.1 mM for dUTP; Invitrogen), and 20 mg/ml actinomycin D in a total volume of 105 ml. The reaction was carried out in 0.2 ml tubes in a thermal cycler with the following thermal profile: 25 C for 10 min, 37 C for 30 min, 42 C for 30 min, followed by 10 min at 70 C for heat inactivation and 4 C on hold.
Samples were then subjected to RNase treatment of 20 min at 37 C (30 units RNase H, Epicenter, 60 units of RNase Cocktail, Ambion). First-strand cDNA was purified using the MinElute PCR purification kit (QIAGEN), and 5 mg were fragmented and labeled using the GeneChip WT Terminal labeling kit (Affymetrix) according to manufacturer's protocol. The labeled cDNA samples were denatured in a volume of 300 ml containing 50 pM control oligonucleotide B2 (Affymetrix) and hybridization mix (GeneChip Hybridization, Wash and Stain kit, Affymetrix) of which 250 ml were hybridized per array (S. cerevisiae yeast tiling array, Affymetrix, PN 520055). Hybridizations were carried out at 45 C for 16 hr with 60 rpm rotation. The staining was carried out with the GeneChip Hybridization, Wash and Stain kit with fluidics protocol FS450_0001 in an Affymetrix Fluidics station. Data are plotted as in Xu et al. (2009) and can be accessed at http://steinmetzlab.embl.de/ buratowski_lab/index.html.
ACCESSION NUMBERS
Raw data can be downloaded at ArrayExpress (http://www.ebi.ac.uk/ arrayexpress/) under accession number E-MTAB-1250. 
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